The density of genetic markers required for successful association mapping of complex diseases depends on linkage disequilibrium (LD) between non-functional markers and functional variants. The haplotypic relationship between stable markers and potentially unstable but highly informative markers (e.g. microsatellites) indicates that LD might be maintained over considerable genetic distance in non-African populations, supporting the use of such 'mixed marker haplotypes' in LD-based mapping, and allowing inferences to be drawn about human origins. We investigated sequence variation in the proximal 2.6 kb of the inducible nitric oxide synthase (NOS2A) promoter and the relationship between SNP haplotypes and a pentanucleotide microsatellite (the 'NOS2A À2.6 microsatellite') in Gambians and UK Caucasians. UK Caucasians exhibited a subset of sequence diversity observed in Gambians, sharing four of 11 SNPs and a similar haplotypic structure. Five SNPs were found in the sequence of interspersed repetitive DNA elements. In both populations, there was dramatic loss of LD between SNP haplotypes and microsatellite alleles across a very short physical distance, suggesting a high intrinsic mutation rate of the NOS2A À2.6 microsatellite, the SNP haplotypes are relatively ancient, or that this was a region of frequent recombination. Understanding locus-and population-specific LD is essential when designing and interpreting genetic association studies.
Introduction
Association analysis exploits linkage disequilibrium (LD) between genetic markers to identify functional genetic variants underlying human diseases. Mapping of disease loci by association has much higher sensitivity than traditional linkage analysis and is therefore potentially valuable for locating the many subtle genetic determinants that are thought to underlie most complex diseases. 1 To date, its use has largely been limited to fine-mapping of loci identified either through linkage analysis or by analysis of candidate loci, but association mapping has also been successfully employed for genome-wide association studies to confirm susceptibility loci for complex diseases originally identified by linkage analysis 2 or to identify novel susceptibility loci. 3 The feasibility of genome-wide LD-based mapping is currently the subject of much interest and debate, [4] [5] [6] as several fundamental issues remain unresolved. Crucially, it is unclear how densely genetic markers should be spaced 7 and which types of markers should be employed. 8 Underlying this uncertainty is the issue of the extent of LD between markers and disease-modifying functional variants, which will largely determine the chances of identifying functional disease-causing variants. Increasingly, regions of low haplotype diversity and high LD ('haplotype blocks') have been described in the human genome 9 and the influence of local patterns of LD in determining the likely success of association mapping has been highlighted. 10, 11 Single nucleotide polymorphisms (SNPs) are generally considered the ideal genetic marker, as they are common, stable and increasingly amenable to automated highthroughput genotyping methods. Estimates of the density of the SNP map required for mapping disease loci have varied with corresponding estimates of the extent of LD across the human genome. Although the number of reported SNPs is increasing rapidly, 12 the density of markers may not be sufficient to allow association mapping of some loci. Moreover, it is clear that LD varies markedly across genetic regions 10, 13, 14 and between populations, 15, 16 so that an LD map of the human genome 8, 17 may need to be constructed for many different populations. 18 If the more pessimistic estimates of LD in human populations are borne out 5 , then sufficiently informative SNPs may not occur often enough in the genome to allow their exclusive use in association mapping and other markers will need to be incorporated into fine-mapping studies of disease loci. 19 Polymorphic repetitive sequence motifs, particularly microsatellites, may serve as useful additional markers for mapping studies. Their frequency in the genome and high heterozygosity potentially make them informative and attractive candidates for such studies, and the map density of microsatellite markers required for association mapping might be considerably less than that of SNPs. 20, 21 Various disease loci have been successfully mapped employing microsatellites, either alone [21] [22] [23] or in combination with other markers, 24 and their use in association studies is increasing. 25 There is a growing argument for using haplotypes, or SNPs that identify common haplotypes, as the basis for association mapping of disease loci. 17, 26 Thus the haplotypic relationship between microsatellite markers and other genetic variants is of considerable importance, as microsatellites can potentially be incorporated into haplotypes containing SNPs or other stable variants to increase marker density across a region of interest. Such 'mixed marker haplotypes' will only be valuable in association mapping if the extent and nature of LD between the contributing markers is appreciated.
Many studies have investigated the relationship between microsatellites and stable genetic markers (such as Alu insertions and SNPs) in an attempt to deduce common patterns of LD in different human populations. [27] [28] [29] [30] These data suggest that, at least in non-African populations, highly significant LD persists for a considerable genetic distance between microsatellites and stable markers, suggesting that microsatellites may be useful for identifying disease loci by association analysis.
We have investigated the local patterns of LD and haplotype structure across a short fragment of the human inducible nitric oxide synthase (NOS2A) locus, which codes for the high-output enzyme inducible nitric oxide synthase (iNOS). Functional genetic variation at the NOS2A locus is likely to become an increasingly important tool to investigate the role of iNOS-derived nitric oxide (NO) in human diseases. iNOS-derived NO has been implicated in a plethora of infectious and inflammatory diseases and appears particularly important in host defence against intracellular pathogens.
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However, NO may also contribute to the pathogenesis of infectious and inflammatory states. 33, 34 Accurate measurement of organ-specific in vivo NO production is difficult and has driven genetic epidemiological interest in the NOS2A locus.
The NOS2A gene is predominantly transcriptionally regulated 35, 36 and so genetic variation within the 5 0 region may influence gene expression. The proximal NOS2A promoter contains several SNPs 37, 38 and a pentanucleotide microsatellite (the 'NOS2A À2.6 microsatellite'). 39 Both SNPs, SNP haplotypes and NOS2A À2.6 microsatellite alleles have been associated with human disease. 37, 38, [40] [41] [42] [43] [44] In vitro data have defined a functional effect for some SNP alleles 38, 44 and possibly also for certain NOS2A À2.6 microsatellite alleles. 41 The haplotypic relationship between these stable and unstable markers and population-specific patterns of LD at this locus are unknown. This relationship is of interest not only because of the biological importance of iNOS and thus the interest in defining NOS2A-specific variation, but also because it may illustrate locus-and populationspecific characteristics of LD between SNP and microsatellite markers.
Results
A total of 11 SNPs had been previously identified in the proximal 2.6 kb of the NOS2A promoter in Gambians. 38 Four SNPs, shared with the Gambian population but at lower allele frequencies (Table 1) , were identified in the UK Caucasian population (Figure 1) . Allele frequencies for all SNPs were lower in UK Caucasians. The normalised nucleotide diversity 45 for the proximal 2.6 kb of the NOS2A promoter was 3.2 Â 10 À4 in UK Caucasians, compared with 8.7 Â 10
À4
in Gambians. 38 LD was assessed between alleles of SNPs with minor allele frequency 40.05 in each population. Significant LD was observed for the common SNP alleles in both populations. Six haplotypes with frequency 40.01 were observed in each population, of which four were present in both Gambians and Caucasians ( Table 2 ). The postulated phylogenetic relationship between the SNP haplotypes suggests that recombination events (between haplotypes 1 and 3, and haplotypes 3 and 5) may have occurred after divergence of Caucasians from Africans ( Figure 2) .
The relationship between interspersed repetitive elements and genetic variation in the NOS2A promoter was 
NOS2A -2.6 microsatellite Figure 1 Polymorphism of the proximal NOS2A promoter in Gambians and Chaucasians. A total of 11 SNPs were identified, of which seven were private to Gambians (elipses) and four were also found in Caucasians (rectangles). SNPs with a population frequency of 40.05 are shown in bold. Numbering is relative to the transcriptional start site. 71 The position of the TATA box and the NOS2A À2.6 microsatellite are shown. investigated ( Figure 3 ). The NOS2A À2.6 microsatellite appears to have evolved from the 5 0 end of an Alu element that has previously been inserted into a Mer repeat. Five of the 11 SNPs are observed in the sequence of interspersed repetitive elements.
Alleles of the NOS2A À2.6 microsatellite showed a symmetrical distribution between seven and 17 repeats in UK Caucasians, while in Gambians a bimodal distribution of repeat length was observed ( Figure 4 ). The LD between individual microsatellite alleles and each SNP haplotype was determined for each of the shared and population-specific SNP haplotypes. For the majority of SNP haplotypes in each population there was a strikingly wide distribution of microsatellite alleles, reflecting breakdown of LD between the microsatellite alleles and the SNP haplotypes (Table 3) 
Discussion
This study has focused on a relatively small but potentially functionally important region of the NOS2A locus and sought to define the extent and nature of genetic variation in an African and European population. Both SNPs and a pentanucleotide microsatellite were typed in nuclear families, allowing unambiguous designation of haplotype phase (in the majority) and investigation of the relationship between these SNP haplotypes and the distribution of microsatellite alleles.
The total number of SNPs, the frequency of the minor allele in shared SNPs and the nucleotide diversity were considerably more marked in Gambians than UK Caucasians. This greater genetic variation of Africans is well recognised in both mitochondrial 46 and genomic DNA with a variety of genetic variants 47, 48, 45 and is thought to represent the recent origin of non-Africans from an African ancestral population. 49 The high LD between alleles of individual SNPs is not surprising, given the small genetic distance, although a recombination event (or perhaps a gene conversion event) has probably occurred at least once. UK Caucasians exhibited a subset of the Gambian SNPs, with many SNPs being private to the Gambian population. This indicates that all SNPs probably arose before the divergence of Europeans and Africans 50 approximately 100 000 years ago 51 and may be very ancient. Alternatively, private Gambian SNPs are indeed present in the Caucasians, but at too low an allele frequency to be detected by the sample size. Haplotypic analysis in both populations indicates the likely sequential evolutionary relationship between SNPs, and intermediate haplotypes, exhibiting stepwise addition of SNPs to existing haplotypes (eg haplotype 4), lost or rare in Gambians, are present in Caucasians. Some intermediate haplotypes were not observed in either population.
The NOS2A À2.6 microsatellite has clearly arisen from the 5 0 end of an Alu element, which appears to have been inserted into a pre-existing MER repeat. Microsatellites often arise from repetitive elements, 52 but usually from the 3 0 end. 53 Comparative primate data 39 show that the 
Alu element was inserted into the genome prior to the evolution of the NOS2A À2.6 microsatellite. The Alu sequence is present in macaques onwards, whereas the NOS2A À2.6 microsatellite is only polymorphic in gorillas, chimpanzees and humans. 39 Many of the NOS2A SNPs arose in association with recognised repeat elements, such as Alu elements, which exhibit significant sequence variation, particularly at the 3 0 end. 54 The distribution of NOS2A À2.6 microsatellite alleles is continuous (where the number of chromosomes examined is large enough to permit robust comment) and this is in keeping with the generally accepted concept of microsatellite mutation arising by 'slip-strand mispairing', where mutation largely arises from the addition or subtraction of single repeat elements. 55 Recombination may also have contributed to NOS2A À2.6 microsatellite mutation, but data from other repeat elements suggest that this mechanism is unusual in microsatellite evolution. 56 The relationship between repeat motif size and microsatellite mutation rate is unclear. Indirect analysis Figure 3 Repeat elements in the proximal NOS2A promoter. The position of SNPs is indicated by boxed letters (e.g. ) and the position of the transcriptional start site by lower case script. Sequence is taken from Spitsin et al 71 and numbering is relative to the transcriptional start site. Note that the sequence of the direct repeats of the AluJo repeat is corrupted. Considerable discrepancy of the sequence is noted immediately either side of the iNOS À2.6 microsatellite between the published sequence of Spitsin et al 71 and that of Xu et al.
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of microsatellite mutation suggests that dinucleotide repeats may have a mutation rate approximately twice as high as tetranucleotides. 57 Such an inverse relationship between motif size and mutation rate is intuitive, as slippage of larger motifs would expend greater energy and therefore might occur less frequently. However, direct observation of microsatellite mutations in family pedigrees indicates that the exact converse may be true. 58 The relationship between microsatellite motif size and mutation rate for pentanucleotide repeats is unknown.
Most Gambian and Caucasian haplotypes exhibit a wide distribution of microsatellite alleles, and LD between SNPs and microsatellite alleles has almost completely eroded. The small genetic distance under investigation and the finding that microsatellite alleles exhibit a continuous distribution suggest that this lack of LD between microsatellite alleles and SNPs is unlikely to reflect multiple recombinational events in the intervening sequence between the NOS2A À2.6 microsatellite and the SNPs, which for some haplotypes is o200 bp.
Other studies have investigated the extent and nature of LD between stable and unstable markers in African and non-African populations. Haplotypic reconstruction of microsatellites and more stable markers is considered useful in tracing population migrations and also in dating mutational events, such as SNP formation, which has bearing on whether complex disease associations occur with older or newer mutations. 30 Such studies have generally demonstrated significant haplotypic diversity in Africans, whereas non-African populations exhibit a 1 2 3 4 5 6 7 8 9 10 11 12 13 NOS2A -2.6 microsatellite repeats frequency Figure 4 Allelic distribution of the NOS2AÀ2.6 microsatellite alleles in Gambians (462 chromosomes-black bars) and UK Caucasians (480 chromosomes-white bars). Table 3 Relationship between NOS2A SNP haplotypes and alleles of the NOS2A -2.6 microsatellite in Gambians and UK Caucasians 30 Similar patterns of LD persistence between stable markers and microsatellites are observed in non-Africans at the myotonic dystrophy (DM) locus 28 and at the dopamine D2 receptor (DRD2) locus. 29 These data suggest that nonAfrican diversity arose as a subset of African diversity and that there has been insufficient time for erosion of LD between the stable and unstable markers, either because the genetic distances are too small to make repeated recombination plausible, or more likely because the microsatellites have not significantly mutated since the founding of modern European populations. [28] [29] [30] At the CD4 locus, a detailed study of LD between a microsatellite and a neighbouring stable marker (an Alu deletion) has been reported in African and non-African populations. 27 The CD4 microsatellite is also a pentanucleotide repeat, a rare occurrence in the human genome, 59 with a structure similar to that of the NOS2A À2.6 microsatellite (TTTTC and CCTTT, respectively) and a similar distribution of repeats (4-15 and 6-18, respectively). The CD4 microsatellite is located B10 kb from the Alu insertion/deletion. In the nonAfrican populations, almost complete LD has persisted between CD4 microsatellite alleles and the Alu deletion haplotype, suggesting insufficient time since human population differentiation for the LD to be diminished by mutation and/or recombination. 27 This is patently markedly different from the NOS2A data, where intermarker LD is lost from Africans and non-Africans alike. While it is possible that the NOS2A À2.6 microsatellite may have been significantly more diverse than the CD4 microsatellite at the time of human population differentiation, so that non-African populations started with a more divergent set of microsatellite alleles for any given haplotype, non-Africans appear to have arisen from a relatively small ancestral migratory population, 60 whose genetic diversity was limited. 61 Moreover, comparative primate data suggest that NOS2A À2.6 microsatellite arose at the time of gorillas, as it is monomorphic in macaques and orangutans, but polymorphic in gorillas and chimpanzees. 39 The CD4 pentanucleotide microsatellite appears to have arisen much earlier in evolution, as it is polymorphic in orangutans and gibbons as well as later apes. 27 The DM microsatellite, which is known to be intrinsically unstable in affected individuals, 62 arose in orangutans. 27 Thus the wider distribution of NOS2A À2.6 microsatellite alleles in non-Africans, compared to both the CD4 and DM microsatellites, cannot simply reflect greater age of the NOS2A À2.6 microsatellite.
Another more plausible explanation is that the NOS2A À2.6 microsatellite is intrinsically less stable than the CD4 microsatellite and indeed other microsatellites at the PLAT, DM and DRD2 loci. Without recourse to primate data, it is impossible to date the NOS2A SNPs, although they likely arose before the differentiation of African and Caucasian populations and are probably relatively ancient. Presumably, the distribution of NOS2A À2.6 microsatellite alleles was more diverse at the time of population differentiation and that mutation of the microsatellite has continued in non-African populations subsequently. The similar distribution of NOS2A À2.6 microsatellite alleles for common haplotypes in Caucasians and Gambians suggests a similar mutation rate in both populations.
It is possible that the NOS2A proximal promoter is part of a region of considerable haplotype diversity between more stable haplotype blocks. Further analysis, employing markers both 5 0 and 3 0 of the region studied, could explore broader variations in LD in this and surrounding loci. Moreover, the number of chromosomes (B220) analysed in each population was relatively modest and the degree of admixture of the populations from which they were drawn was not fully defined. These data should not be extrapolated to other African and nonAfrican populations without confirmatory studies.
The relative absence of LD between NOS2A À2.6 microsatellite alleles and SNP haplotypes has important ramifications for the interpretation of association studies at this locus and potentially wider implications for association mapping elsewhere in the human genome. Five positive associations have been reported with the NOS2A À2.6 microsatellite. A class effect with homozygosity for short repeat length has been associated with fatal cerebral malaria in Gambian children, 40 whereas longer microsatellite alleles have been associated with severe malaria in Thai adults. 63 Individual alleles have been associated with diabetic retinopathy, 41 certain forms of dementia, 42 atopy 64 and recently with systemic lupus erythematosus in African Americans. 65 In this latter report, significant LD was observed between the -954 SNP and eight repeats of the NOS2A À2.6 microsatellite in this admixed population, which is similar to the LD between eight haplotype repeats and haplotype 8 (which contains the -954 SNP) in Gambians (Table 3) .
A class effect is likely to represent persisting LD between a stable polymorphism and the nine-repeat microsatellite allele, which has mutated to a wider distribution reflected in an association with a class of allele sizes. The bimodal distribution of NOS2A À2.6 microsatellite alleles in Gambians makes it possible to identify such a class effect that might be hidden in other allele distributions, whereas the symmetrical distribution in Caucasians masks any class effect. The associations between specific NOS2A À2.6 microsatellite alleles and disease are more difficult to interpret. It is possible that these reflect linkage between microsatellite alleles and very recent stable polymorphisms, so that microsatellite mutation has yet to extinguish LD. Alternatively, the microsatellite alleles could themselves be the diseasecausing variants. Although some preliminary functional data are reported for the diabetic association, 41 there are few precedents for direct functional effects of promoter microsatellites in the literature 59 and this therefore seems unlikely.
These data imply that patterns of LD between SNPs and microsatellite markers may vary considerably between loci, and extrapolating results from limited loci to the whole genome is therefore inadvisable. Determinants of LD are clearly multiple and complex and include genetic distance, the age of the markers, population migration and admixture, marker mutation and recombination, selection and the genetic distance between markers. 7 Patterns of LD vary considerably between juxtaposed regions of the same chromosome, with extended tracts of strong LD bordering areas of minimal LD. 13 Detailed analysis of SNPs within specific loci indicates that patterns of LD also vary considerably across genes, so that a local detailed knowledge of LD is necessary to identify disease associations. 10, 66 Although previous studies point to strong LD between microsatellite alleles and stable markers in nonAfrican populations, the NOS2A data presented here also suggest that the construction of mixed marker haplotypes and LD analysis employing microsatellite markers require an understanding of the local patterns of LD at each locus. It would seem unwise to make assumptions about persistence of linkage across even relatively small genetic distances or extrapolate local patterns of LD between populations when interpreting genetic association data.
Methods
The proximal B2.6 kb of the NOS2A promoter has previously been sequenced in the Gambian population. 38 This region of the NOS2A promoter was investigated using similar methodology in 36 unrelated UK Caucasians. Direct sequencing was performed using nested polymerase chain reaction (PCR) and Big-Dye Primert (Perkin Elmer) as previously described. 38 Ambiguous sequence was resolved by sequencing the complementary strand. Analysis of segregation of common (minor allele frequency 40.05) SNPs within nuclear families allowed deduction of SNP haplotypes. In UK Caucasians, 92 nuclear families (368 parental chromosomes) were recruited as part of a study of viral bronchiolitis 67 and yielded 367 complete haplotypes, of which 362 had a haplotypic frequency of 40.01. In Gambians, 109 nuclear families (436 parental chromosomes) were recruited as part of a study of severe malaria 68 and yielded 436 haplotypes, of which 415 had a frequency of 40.01 The most parsimonious phylogenetic relationship between common (frequency 40.01) haplotypes was determined by eye and confirmed using the program PAUP. 69 The NOS2A À2.6 microsatellite was genotyped in the nuclear families as previously described. 39 The presence of repeat elements within the proximal NOS2A promoter was investigated using the REPEATMASKER programme (http://www.mrc-bsu.cam.ac.uk).
LD between the NOS2A À2.6 microsatellite alleles and the SNP haplotypes was calculated using the programme 'ARLEQUIN-a software for population genetic data analysis' (version 1.1) (http://anthropologie.unige.ch/ arlequin). Linkage disequilibrium (D) was calculated by the formula D¼p 11 Àp 1 q 1 , where p 11 is the observed frequency of the haplotype and p 1 and q 1 are the individual allele frequencies. D 0 is the normalised value of D and has a value between þ 1 and -1. A value of zero therefore represents that the markers are in linkage equilibrium, whereas þ 1 indicates that LD is at its theoretical maximum and a value of o0 that the rare alleles are in the repulsion phase. Statistical significance for D 0 was calculated using a w 2 statistic with one degree of freedom (w 
